"Capsule" -Chrysanthemum coronarium L. was the most sensitive species to the application of chelants, and EDDS biodegrades much more rapidly than EDTA in soil.
Introduction
Soil contamination by heavy metals is a global environmental issue due to the rapid development of intensive agriculture and industry in many parts of the world.
Elevated concentrations of heavy metal not only lead to reductions in the microbial activity and fertility of the soil, and in crop production (McGrath et al., 1995) , but also threaten human health through the food chain. The remediation of soil and water contaminated with heavy metals has become a challenging task facing regulators and scientific communities. Recently, phytoextraction, the use of plants to extract heavy metals from contaminated soils, has been receiving an increasing amount of attention (Salt et al., 1998) .
The success of phytoextraction is dependent on large biomass production and high concentrations of heavy metals in the shoots of plants. Hyperaccumulators were able to accumulate unusually high levels of heavy metals in their aboveground harvestable parts. But, their low biomass production limits the overall amount of heavy metals extracted by plant shoots per harvest. In addition to hyperaccumulators, some fastgrowing high-biomass plant species have been also evaluated for their potential use in chemically enhanced phytoextraction (Kumar et al., 1995; Ebbs et al., 1997; Stoltz and Greger, 2002) . Synthetic chelants, such as CDTA (trans -1, 2 -diaminocyclohexane -N, N, N', N'-tetraacetic acid), EDDHA [etylenediamine-di (ohydroxyphenylacetic acid)]), EDDS (S,S-ethylenediaminedisuccinic acid), EDTA (ethylenediaminetetraacetic acid), EGTA [ethyleneglycol -bis (ß -aminoethyl ether), N, N, N', N-tetraacetic acid] , and NTA (nitrilotriacetate) have been used to enhance the solubility of metals in soils and their subsequent uptake and translocation in plant shoots (Blaylock et al., 1997; Huang et al., 1997; Cooper et al., 1999; Wu et al., 1999; Shen et al., 2002; Kos and Leštan, 2003a) . Despite the high efficiency of EDTA for inducing the extraction of metals, some concerns have been expressed regarding the enhanced mobility of metals in soil and their potential risks of spreading metal contaminants to groundwater and the surrounding environment due to its high affinity with heavy metals and its poor biodegradability in the environment. EDDS is an easily biodegradable, low-toxic chelant with a strong chemical affinity to Pb, Cu, and other metals. The use of this chelant in the phytoremediation process has received much attention in the past few years (Vandevivere et al., 2001a; Grčman et al., 2003; Kos and Leštan, 2003b; Tandy et al., 2004; Luo et al., 2005a and b) . Large differences have been reported in the stimulating effects of chelants on the accumulation of metals in the shoots of different species of plants (Huang et al., 1997; Shen et al., 2002; Chen et al., 2004) . Therefore, efforts have been focused on identifying high biomass plant species that can accumulate significant amounts of heavy metals in response to chelant treatments to soil. Screening plant species that are more sensitive to chelant treatments will not only help minimize the amount of chelants applied in the field, but also decrease the environmental risk of mobilised metals.
Copper can be particularly toxic to many species of plants (Pahlsson, 1989) . The threshold concentration of Cu toxicity for crops is about 30 mg kg -1 DM (Marschner, 1995) . Copper toxicity might be a limiting factor in the phytoremediation of multimetal contaminated soils (Lombi et al., 2001) . It would be difficult to produce enough biomass before the application of chelants if the soil were heavily contaminated with metals such as Cu. A few Cu hyperaccumulators were reported in the literature, but there are still some doubts about their Cu uptake abilities (Baker et al., 2000) . The chelant-enhanced uptake of Cu in plant shoots has generally been minimal (Kulli et al., 1999; Kayser et al., 2000; Lombi et al., 2001; Römkens et al., 2002; Shen et al., 2002; Thayalakumaran et al., 2003; Wenzel et al., 2003) , except for the results reported by Blaylock et al. (1997) . In their study, the concentration of Cu in Brassica juncea shoots grown in soil containing 200 mg kg -1 of Cu reached 1000 mg kg -1 DM one week after 2.5 mmol kg -1 of EDTA were applied.
The objectives of the present study were: (i) to study the potential use of the 18 different species and cultivars of plants in the chemically enhanced phytoextraction of heavy metals (Cu, Pb, Zn, and Cd) from artificially contaminated soils; (ii) to evaluate the relative effectiveness of biodegradable chelant EDDS in enhancing the accumulation of heavy metals in selected species of plants grown in multi-metal contaminated soil, particularly in soil with high concentrations of Cu; and (iii) to compare the residual effects of EDDS and EDTA in soil after the first cropping with the application of these two chelants.
Materials and methods

Phytoextraction of heavy metals from artificially contaminated soil by 18 different plants with EDTA application
The experiment was conducted in Nanjing Agricultural University, Nanjing, China. Soil samples were collected from a farm in Nanjing. After being air-dried, the samples were crushed to pass through a 1-cm diameter sieve. The soils were artificially amended with multi-metals: Cu (500 mg kg (Shen et al., 2002) . After the addition of heavy metals, the soils were equilibrated for two months, undergoing seven cycles of saturation with deionized water and air-drying processes.
The air-dried soils (500 g) were placed in plastic pots (12 cm i.d. x 12 cm height).
The moisture of the soil was maintained at near field water capacity by adding DIW daily. Seeds of Chrysanthemum coronarium L. and Zea mays L. cv. Nongda No. 108
were sown directly in the soils. In order to acquire uniform seedlings, Chrysanthemum coronarium L. was sown three weeks before Zea mays L. After germination, the seedlings were thinned to four plants per pot. On the 35 th day after the sowing of Chrysanthemum coronarium L., EDTA (the same as the mentioned above) and EDDS (from Fluka Chemie GmbH) were applied to the surface of the soils at rates of 0 (control), 0.5, 1.0, 1.5, 3.0, and 5.0 mmol kg -1 soil in 50 ml Na 2 EDTA and EDDS-Na 3 salt solutions. To make up the different amounts of chelant treatments, EDTA and EDDS were diluted from 50 mM Na 2 EDTA (pH 4.8) and EDDS-Na 3 (pH 10.1) salt solutions. Three replications were used for each treatment. All of the experiments were conducted in a glasshouse under natural light. The air temperature ranged from 18 to 23 ºC. The plants were harvested 7 d after the application of chelants. Their shoots and roots were separated for drying and further analysis.
In order to determine the residual effects of the applied chelants on the second cropping, the pots were kept at two-thirds of the field moisture capacity after the harvest of the first crop of corn. Six months after the harvest, the remaining soils were mixed thoroughly, and the Zea mays L. seeds were again sown directly in the soils.
Zea mays L. was selected in this experiment due to its low sensitivity to chelants treatment in soils than Chrysanthemum coronarium L. The seedlings were thinned to four plants per pot after germination. The experiment was conducted in the same greenhouse under natural light. The air temperature ranged from 22 to 28 ºC. The shoots of the Zea mays L. were harvested 14 d after growing in the pots and dried for dry biomass measurements and an analysis of metal concentrations.
Soil and plant analysis
The electrical conductivity (EC) of the soils was measured using a conductivity meter on an extract of soil obtained by shaking soil with DIW at a 1:2 (w/v) soil:
water ratio. The pH of the soil was measured in a 0.01 M CaCl 2 solution at a 1:5 ratio of soil:solution (w/v) using a pH meter. The cation exchangeable capacity (CEC) of the soil was determined using the ammonium acetate saturation method. The texture, organic matter content, total N and field water capacity of the soil were measured by the procedures described by Avery and Bascomb (1982) . The total concentrations of metal were determined by ICP-AES (Perkin-Elmer Optima 3300 DV) after strong acid digestion (1:4 concentrated HNO 3 and HClO 4 (v/v)) (Li et al., 2001 ).
For the analysis of plant samples, ground shoot samples (200 mg) were digested in a mixture of concentrated HNO 3 and HClO 4 (4:1, by volume) and the major and trace elements in the solutions were determined by ICP-AES (Shen et al., 2002) . A certified standard reference material NIST (SRM 1515, apple leaves) of the National Institute of Standards and Technology, U.S.A., was used in the digestion and analysis as part of the QA/QC protocol. Reagent blank and analytical duplicates were also used where appropriate to test the accuracy and precision of the analysis. The recovery rates were around 90 ± 6% for all of the metals in the plant reference material (NIST SRM 1515). The data reported in this paper were the mean values based on the three replicates. A statistical analysis of the experimental data, such as the correlation coefficient and significant difference calculation, was performed using SPSS® 11.0 statistical software.
Results
Effects of EDTA on the growth of different plants
Before the treatment of EDTA, all the plants showed normal development without visible toxic symptoms of heavy metals. The application of 3 mmol kg -1 of EDTA significantly decreased the yields of shoot dry matter (DM) in most of the plants tested (see Table 2 ). Compared with the dicotyledon species, the five graminaceous monocotyledon plants showed relatively less response to the application of EDTA, with less chlorosis and smaller reductions in shoot biomass.
Effects of EDTA on the uptake of heavy metals by different plants
In the control group, there were large variations in the concentration of metals in the shoots of different plant species/cultivars ( Table 2 ). The concentrations of Cu, Pb, Zn, and Cd in the plants were in the range of 13 to 62, 2.1 to 7.5, 56 to 211, and 0.1 to 2.7 mg kg -1 , respectively. The application of EDTA at a rate of 3 mmol kg -1 dramatically increased the concentrations of Cu, Pb, and Zn in the shoots of the plants.
The enhancement was more pronounced for the dicotyledon plants than for the graminaceous monocotyledon plants (Table 2) . Of all the plants tested, Chrysanthemum coronarium L. showed the greatest sensitivity to the application of EDTA, with the highest enhancement of the Cu, Pb, Zn concentrations in the shoots.
It was noted that the EDTA application reduced the concentrations of Cd in some plant species tested in the present study (Table 2) .
With regard to the total amount of metals phytoextracted from the soil, the application of EDTA also produced significant enhancing effects in the plants, although these effects were smaller than that on the metal concentrations in the shoots due to the reduction in shoot biomass as a result of the toxic effects of EDTA on the Noticeably, the total phytoextraction of Cu, Pb, and Zn in the Chrysanthemum coronarium L. shoots 7 days after chelant application reached 590, 390, and 590 µg plant -1 , which were 5.2, 38, and 3.5 times the levels seen in the control group, respectively, although the biomass of the shoots decreased by about 45% in comparison with that in the control group.
Effects of EDDS and EDTA on the growth of Chrysanthemum coronarium L. and
Zea mays L.
In this experiment, Chrysanthemum coronarium L. and Zea mays L. were chosen for a further study of their potential use in the chelant-enhanced phytoextraction of heavy metals from contaminated soil. The treatments with 0.5 mmol kg -1 soil EDDS and EDTA significantly affected the growth of Chrysanthemum coronarium L., leading to a respective 23% and 18% decrease in shoot dry matter yields compared with the control group (Fig. 1) . The effects of EDDS and EDTA on the growth of Zea mays L. were less significant than on the Chrysanthemum coronarium L. (see Fig. 1 ).
Effects of EDDS and EDTA on the uptake of metals by Chrysanthemum coronarium L. and Zea mays L.
The concentrations of Cu in the shoots of Chrysanthemum coronarium L. and Zea mays L. significantly increased with the increasing level of EDDS and EDTA applied to the soil (Fig. 2) The total amount of Cu accumulated in shoots also increased with the rate of application of EDDS and EDTA to soil (Fig. 3) . A higher level of Cu phytoextraction was always found in the EDDS treatment, in which with the application of 5 mmol kg -1 of EDDS, the phytoextraction of Cu was 38 and 5 times that of the control for Chrysanthemum coronarium L. and Zea mays L., respectively.
The results from the current study showed that the concentrations of Pb in the shoots of Chrysanthemum coronarium L. and Zea mays L. increased with the level of EDTA applied to the soil (Fig. 4) . The application of EDDS at rates of 0.5-1.5 mmol kg -1 had no significant effect on the Pb concentration in the shoots of the two plant species. However, at the application rate of 5 mmol kg -1 , EDDS was much more effective than EDTA at increasing the uptake of Pb by the plants, particularly in The enhancing efficiencies of total Pb phytoextraction by the two plant species through EDDS and EDTA application (Fig. 5) were consistent with the increased concentrations of Pb in the shoots (Fig. 4) , although the treatments with the chelants had a significant effect on the shoot biomass production of Chrysanthemum coronarium L. and Zea mays L. (Fig. 1) . The maximum amount of Pb that was phytoextracted was found in Chrysanthemum coronarium L. treated with 5 mmol kg -1 of EDDS, which reached 1.95 mg Pb kg -1 soil. This represents an increase of 70 times over the control groups.
The concentrations of Zn and Cd were enhanced through the application of chelating agents to soil (Table 3) . However, the concentrations of Zn and Cd in the shoots treated with the chelants never exceeded those of the controls by more than 1.85 times, except for Zn in the 5 mmol kg -1 of EDDS treatment. The total amount of Zn extracted did not exceed that of the control groups by more than 1.5 times. No significant stimulating effect from the chelants was found on the phytoextraction of Cd in these plants.
In the present study, the sum of the phytoextraction of Cu, Pb, Zn, and Cd by Chrysanthemum coronarium L. reached 14.7 mg kg -1 soil with the application of 5 mmol kg -1 of EDDS, which accounted for 1.04% of the total amount of Cu, Pb, Zn, and Cd in the soil. Those values were 2.9-fold those of the EDTA treatments. These results indicated that EDDS was superior to EDTA in the phytoremediation of contaminated soils with multiple heavy metals.
The residual effects of EDDS and EDTA on the growth and uptake of metals by Zea mays L.
To evaluate the residual and time effects of the application of EDDS and EDTA in soil, a second cropping with Zea mays L. was conducted six months after the first crops were harvested. The growth of Zea mays L. in the second cropping was strongly dependent on the chelant treatment in the first cropping experiment (Fig. 6 ). The yields of shoot DM showed a strong negative effect from the amount of the original EDTA application. The biomass of Zea mays L. at the second harvest decreased significantly as the level of EDTA applied in the first cropping increased due to the toxicity of the residual chelant in soil. The concentration of Cu in the shoots of Zea mays L. increased as the rate of application of EDTA increased in the first cropping (see Table 4 ). The highest concentration of Cu (200 mg kg -1 DW) in the shoots of the second Zea mays L. cropping appeared in the 5 mmol kg -1 of EDTA treatment, which was 6.8-fold that of the control group. For Pb, a significant increase was found only in the treatments with 3 and 5 mmol kg -1 of EDTA compared with the control (Table 4) .
For the plants grown on the EDDS-treated soils, no significant residual effects of the EDDS were found in the Zea mays L. shoot DM and the concentrations of the four metals, regardless of the different rates of EDDS application (Table 4) .
Discussion
In chemically enhanced phytoextraction processes, the increased uptake of Pb induced by the application of EDTA can be explained by the effect of improved solubility of Pb, and the uptake of the Pb-EDTA complex by plants (Huang et al., 1997; Vassil et al., 1998; Epstein et al., 1999; Shen et al., 2002) . It is thought that EDTA can destroy the physiological barrier(s) of plant roots that normally function to control the uptake and translocation of solutes, which would lead to the rapid equilibration of the hydroponic or soil solution with the sap of the xylem (Vassil et al., 1998) . For different plant species, even different cultivars within the same species, there are significant differences in the metal tolerance and uptake ability.
Monocotyledon species are usually more tolerant to metals than dicotyledon species (Marschner, 1995) . Our results showed that the dicotyledon species suffered from more severe phytotoxicity than the graminaceous monocotyledon species after the application of EDTA (Table 2 ). Therefore, it is possible that the roots of dicotyledon species would experience from heavier physiological damages, which could lead to a breakdown of the root exclusion mechanism, and in turn to the indiscriminate uptake of solutes by plants, than the roots of monocotyledon species. This assumption was consistent with the fact that the enhancement of metal concentrations in the shoots of the plants was more pronounced for the dicotyledon plants than for the graminaceous monocotyledon plants (see Table 2 ). Of all the plants tested, Chrysanthemum coronarium L. showed the greatest sensitivity of growth to the application of EDTA and the highest enhancement of the concentrations of Cu, Pb, Zn in the shoots. Chen et al. (2004) also reported that the growth of and metal accumulation by mung bean and buckwheat had higher sensitivity to the EDTA treatment in soils than the growth of and metal accumulation by other monocotyledon plants species.
It has been suggested that a threshold concentration of EDTA is required to induce the accumulation of metals in plant shoots (Vassil et al., 1998) . Blaylock et al. (1997) observed that the application of a threshold concentration of chelant of between 1 and 5 mmol kg -1 of EDTA induced a dramatic accumulation of Pb in the shoots of Indian mustard grown in soil containing 600 mg Pb kg -1 . At this threshold concentration (5 mmol kg -1 of EDTA) and above, synthetic chelants including EDTA could damage the membrane of root cells, which normally function to control the uptake and translocation of solutes (Vassil et al., 1998) . In the present study, a dramatic increase in the concentrations of Cu, Pb, and Zn in plant shoots occurred between the 3 and 5 mmol kg -1 EDDS treatments. However, this increase in the accumulation of the metals in shoots was not found in the EDTA treatments ranging from 0.5 to 5 mmol kg -1 soil.
It was speculated that less than 5 mmol kg -1 of EDTA application was insufficient to break down plant uptake barriers under the conditions of the present experiment. This observation was consistent with the observation that EDTA was less toxic to Chrysanthemum coronarium L. than EDDS (Fig. 1) . It could partially explain why EDDS had a higher efficiency than EDTA in increasing the accumulation of metals in shoots at the application rate of 5 mmol chelant kg -1 to soil. Grčman et al. (2003) observed that single addition of 10 mmol kg -1 EDDS was similarly effective as EDTA for the phytoextraction of Pb from soil.
Several chelating agents, such as EDTA, CDTA, EGTA, EDDS, and NTA have been tested for their ability to mobilize and increase the accumulation of heavy metals by plants. EDDS was more effective in solubilizing soil Cu for root uptake and translocation into aboveground biomass (Luo et al., 2005a and b; Meers et al., 2005) .
In the present study, the percentages of Cu phytoextracted by Chrysanthemum coronarium L. for 42 days and Zea mays L. for 21 days with the EDDS treatment in one phytoextraction cycle were 0.11-1.81 % and 0.06-0.11% of the total Cu in the soil (400 mg kg -1 ), respectively. The values by Chrysanthemum coronarium L. in this study were higher than the data on the phytoextraction of Cu with NTA (Kulli et al., 1999; Kayser et al., 2000) , with EDDS (Kos and Leštan, 2004) , and with EDTA (Thayalakumaran et al., 2003; Wenzel et al., 2003) . The results suggest that EDDS can be regarded as a better candidate chelant for the phytoextraction of Cu in soils.
EDDS and EDTA have an almost equal chemical affinity for Cu (log K s = 18.4 and 18.8, respectively) (Martell et al. 2001) . But for Fe, Pb, Zn, and Cd, EDDS has a much lower chemical affinity than EDTA. Thus, EDDS would be more effective at solubilizing soil Cu than EDTA (Tandy et al., 2004; Luo et al., 2005a) . Tandy et al. (2004) reported that a very small fraction of EDTA and about 20-35% of EDDS were predicted to be in a free and non-complex form when soil was extracted with EDTA and EDDS at a chelate:metal ratio of 1:1. It is possible that there is more free EDDS than free EDTA in soil when EDDS or EDTA is applied at the same rate. A uncoordinated chelant would be available to bind various essential divalent cations in root cells, including Fe 2+ , Zn 2+ , and Cu 2+ , causing the breakdown of exclusion mechanisms in plants. Metal chelant complexes may enter the root through breaks in the root endodermis and Casparian strips, and be rapidly transported to the shoots (Romheld and Marschner, 1981; Bell et al., 1991) . Also, it is likely that Cu may enter the roots of plants and be transported to their shoots as a Cu-EDDS complex.
In most cases, the EDTA treatment was superior in terms of solubilizing soil Pb for root uptake and translocation into the aboveground biomass due to its strong chemical affinity for Pb (log K s = 17.88) (Martell et al., 2001 ). The accumulation of Pb in plant shoots was correlated with the formation of the Pb-EDTA complex, and
Pb-EDTA was the major form of Pb absorbed and translocated by plants (Vassil et al., 1998; Epstein et al., 1999) . The highest percentages of Pb extracted by Chrysanthemum coronarium L. and Zea mays L. in one phytoextraction cycle were calculated to be 0.39% and 0.01% that of the total Pb (500 mg kg -1 ) present in the soil, respectively. These values by Chrysanthemum coronarium L. were higher than the data reported by Kos and Leštan (2003a) and Grčman et al. (2003) The calculated half-life of EDDS in sludge-amended soil was 2.5 days (Jaworska et al., 1999) . Meers et al. (2005) observed that the half-life of EDDS varied between 3.8 and 7.5 days when the dose that was applied ranged from 0.8 to 4 mmol kg -1 soil.
However, the minimum observed effective half-life of EDTA was 36 days. When EDTA was applied at the rate of 4 mmol kg -1 to soil, no decrease on the mobilization of metals was observed 40 days after the application. Thus, compared with EDTA,
EDDS not only has the advantage of being readily biodegradable and less toxic to fish, daphnia, and soil fungi (Jaworska et al., 1999; Grčman et al., 2003) , it also poses less risk with respect to the leaching of metals to the groundwater and other surrounding environmental media.
Conclusions
The present study demonstrated that, compared with 17 other plant species/cultivars that were tested, Chrysanthemum coronarium L. was the most efficient at accumulating Cu and Pb in its shoots with the application of EDTA.
EDDS was superior to EDTA in the phytoremediation of contaminated soils with multiple heavy metals. The treatment of 5 mmol EDDS kg -1 soil produced a total phytoextraction of 14.7 mg kg -1 soil of Cu, Pb, Zn, and Cd by Chrysanthemum coronarium L., which was 2.9-fold that of the corresponding EDTA treatments. The results from the post-harvest effect study indicated that EDDS in soil degraded rapidly, which could reduce the risks associated with the leaching of metals to the groundwater and surrounding environment in comparison with the long half-life of EDTA in soil.
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